A computer code named ACUTRI has been developed to assess tritium doses due to inhalation to the general public. The ACUTRI code can calculate the radiological impact of tritium gas (HT) and tritiated water (HTO) released accidentally to the atmosphere. The models in this code consist of a tritium transfer model including the oxidation of HT to HTO and the reemission of HTO from soil to the atmosphere and a dose calculation model. The atmospheric dispersion of the primary HT and HTO plumes and secondary HTO plume, which is reemitted from soil to the atmosphere, is calculated by using the Gaussian plume model. In this calculation, it is possible to analyze the meteorological data statistically, in the same way as a conventional dose assessment method according to the meteorological guideline of the Nuclear Safety Commission of Japan. Tritium concentrations in air and their resultant doses were calculated using the ACUTRI code under several conditions. In order to validate the model, calculations were compared with experimental results.
I INTRODUCTION
Tritium, which is used as a fuel of the D-T burning fusion reactor, is the most important radioactive nuclide for the safety assessment of a nuclear fusion experimental reactor. Tritium has characteristic behavior in the environment as follows. In the case of tritiated water (hereafter, referred to as HTO) release, after the dispersion in the atmosphere, a fraction of HTO deposits to soil and then part of the HTO is reemitted from soil to the atmosphere. In the case of a tritium gas (hereafter, referred to as HT) release, a fraction of HT diffuses in soil and is oxidized to HTO by microorganisms in soil. 1) The oxidized HTO can be also reemitted to the atmosphere. Since a dose coefficient of HTO is 10, 000 times as high as that of HT, 2) the oxidation of HT to HTO followed by the reemission of HTO is a very important process in a dose assessment for HT release.
Several tritium dose calculation codes have been developed, such as UFOTRI, 3) ETMOD, 4) ETDOSE, 5) TRIDOSE 6) and NORMTRI. 7) These codes can calculate atmospheric tritium concentrations for the HTO and HT releases and doses by the inhalation and/or ingestion. Environmental tritium transfer models in the codes include the oxidation of HT to HTO on soil surfaces, the migration of HTO into soil, the uptake of HTO to vegetation, the reemission of HTO to the atmosphere, and so on. In Japan, the general method to calculate the concentrations of radioactive materials in the atmosphere after the accidental release from a nuclear power plant is given in the meteorological guideline of the Nuclear Safety Commission (NSC) of Japan for the environmental safety evaluation. However, there is no detailed tritium dose assessment code to assess doses to the general public for the accidental releases of tritium from nuclear fusion facilities in accordance with the guideline of NSC in Japan. Therefore, a new calculation code for the ACUte TRItium releases (ACUTRI) has been developed. This code can calculate the atmospheric concentrations of HT and HTO accidentally released from facilities and the doses due to the inhalation of HT and HTO and the skin absorption of HTO in the atmosphere.
This report describes tritium transfer models used in the ACUTRI code and the impact of input parameters on the calculated doses. Among input parameters are chemical forms of released tritium, dry and wet deposition velocities, reemission rates and so on. Furthermore, in order to validate the model, the model calculations of ACUTRI are compared with the results of a short-term HT release experiment carried out in Canada.
II MODEL DESCRIPTION
Environmental pathways incorporated in the code are shown in Fig. 1 . The ACUTRI code is designed to simulate the environmental transfer of HT and HTO released from the facilities to the atmosphere, since most of tritium released from fusion facilities would be in HT and HTO forms. In Joint European Torus and Tokamak Fusion Test Reactor, the organic tritium was found to be less than 1% of total tritium releases. 8,9) The transfer model consists of the dispersion of a primary plume released as HT, HTO or both HT and HTO from the facilities, the deposition of tritium including the oxidation of HT to HTO, and the reemission of a secondary plume as HTO from the ground. In the dose model, the inhalation of HT and HTO and the skin absorption of HTO are taking into account. However, the exposure due to intake of drinking water and foods is not considered in this code because it is not included in the model of the NSC guideline for the safety assessment of nuclear power reactors. The physical and mathematical basis of ACUTRI is described in detail elsewhere. lo)
1. Atmospheric Dispersion For the calculation of the atmospheric tritium dispersion, the Gaussian plume dispersion model described in the meteorological guideline of NSC is used. For a short-term release (< 8 hours), an air concentration per unit amount of release, (x/Q)mr(s/m3), for an hour from the hour Ihr -1 to Ihr is given by Equation (1). This concentration is hereafter referred to as relative concentration. Xex-(Hz)ex-(z)XFdP2 622p2622y (1) where % is the tritium concentration in the atmosphere (Bq/ m3), Q is the release rate (Bq/s), 6y and 6Z are the standard deviations in y and z directions, respectively, U is the wind speed (m/s) at the release height, H (m), and Fdcy is the plume attenuation correction factor due to dry and wet deposition. The standard deviations 6y and 6Z representing the width of plume are functions of downwind distance and atmospheric stability. In the dose calculation, the effective release height, which includes the stack height plus plume rise, is used as the release height. However, it is difficult to estimate the plume rise for the accidental releases. Thus special consideration would be necessary if the relative concentrations are calculated using the effective release height.
For a long-term release (>8 hours), the relative concentration is expressed as Equation (2) .
2. Deposition of HT and HTO to the ground After the dispersion of HTO in the atmosphere, HTO deposited to soil is partly reemitted from soil to the atmosphere. In the case of HT release, since a fraction of HT diffused into soil is oxidized to HTO, the secondary plume contains HTO reemitted from soil. Schematics of deposition of HT and HTO released from facilities and HTO reemission from soil are shown in Fig. 2 . The downwind terrestrial surface is divided into the fan-shape regions, which are called elements, by the concentric circles centered on the evaluation point and by the 16 radial lines drawn from the evaluation point. The element area can be reduced by separating sub-concentric circles. The advantages of this method are as follows. One is ability to make the elements smaller as they get closer to the evaluation point as shown in Fig. 2 (a) . This should improve the accuracy of the calculation of HTO concentrations in the secondary plume, because HTO reemitted from the nearer elements to the evaluation point is likely to contribute to dose more than that from the far elements. Another advantage is ability to deal with the changes of wind direction during the reemission period. In the previous dividing method that usually uses rectangular elements it is very difficult to incorporate the wind direction change into the reemission model.
The relative amount of deposition of HTO per unit area on the element k from the hour Ihr-1 to Ihr, DPk. mr(s/m2), is represented by Equation (3) using a deposition velocity of HT or HTO, Vg (m/s).
DPkIhr-klQIhrXVgkXtdp (3)
where tdp is the deposition period (3, 600 s). Various deposition velocities of HT or HTO can be assumed for each terrestrial element.
The deposition of tritium due to washout of rain is calculated for a primary HTO release only. The relative amount of wet deposition per unit area on the element k from Ihr-1 to Ihr, DWk. ihr (s/m2), is described by Equation (4), 11)
where Alhr is the washout coefficient (s -1) and train is the precipitation period (s). The coefficient Alhr is modeled as a function of rainfall rate, Ilhr (mm/h), from Ihr'-1 to Ihr. Constants a and b used in the analysis of the wet deposition described later10) are assumed to be 1. 2 X 10 -4 and 0. 5, respectively. These constants are selected to evaluate the wet HTO deposition realistically and conservatively.
To shorten the calculation time, it is assumed that the deposition of primary HT and HTO on terrestrial elements and the reemission of HTO take place only once. In other words, a secondary HTO plume is assumed as not to be deposited on the ground. (5) where Ak is the area of element k (m2), T2nd is the reemission period (h), OJhr is the hourly reemission rate in the daytime or nighttime (h -1), PJhr is the factor that reflects decrease in reemission rate with time (-), f ain, Ihr is the correction factor with precipitation for the reemission period (-) and FTe is the ratio of HTO reemitted during a total reemission period to total deposited HTO. The ratio Fre is equal to 1, if all HTO deposited on terrestrial elements is reemitted to the atmosphere. For a long-term reemission period (T2nd > 8 hours), the total relative concentration due to reemitted HTO from the elements around the evaluation point is expressed as Equation (6).
where m is the number of elements, (Xre/Q)IhrJhr is the relative concentration due to reemitted HTO from the element k (slm3), 6zlhr is the standard deviations in z direction (m), UJhr is the wind speed (m/s) at the hour Jhr and xk is the distance between the element k and the evaluation point (m). Tritium deposited on a terrestrial element including the evaluation point (hereafter, called self-element) and the surrounding elements would greatly contribute to the HTO concentration in the secondary plume. In the ACUTRI code, a hypothetical space is set up on the self element as shown in Fig. 2 (b) . The deposited HTO on the self-element is supposed to be reemitted into the hypothetical space. The reemitted HTO is assumed to be distributed uniformly in the space and to be diluted by wind. The relative HTO concentration due to remitted HTO is given by, (Xself/Q)IhrJhr -REk Jhr/(UJhr X Hself X Aself 0'5)
where Hself is the height of hypothetical space over the self element (m) and Aself is the area of self element (m2). 4. Relative concentration and dose corresponding to 97% The ACUTRI code can calculate a relative tritium concen- tration in the atmosphere and dose corresponding to 97% of annual accumulative frequency, which are hereafter referred to as 97% concentration and 97% dose, respectively, using a similar way to the meteorological guideline of NSC. In the case of HTO release, relative HTO concentrations for the primary and secondary plumes are firstly summed up as shown in Equation (8) .
TlstT2nd XHTO1Q 1(xlQ)Ihr+(xre/Q)ITirJhr+(xself/Q)IhrJhrT1st (8) where Test is the release period of the primary plume (h). The total relative concentrations for all 16 directions are calculated using the annual hourly meteorological data whose number is 8, 760. These 8, 760 total relative concentrations are then sorted according to the increasing concentration. A value equal to 97% of annual accumulative frequency is chosen as a 97% concentration in each direction and the highest one is selected from among the 16 concentrations. A 97% dose is calculated by using this selected concentration. In the case of HT release, the primary HT plume dose and secondary HTO plume dose are calculated separately in each direction. The calculated primary and secondary plume doses are summed up to obtain a 97% total dose in each direction. Then the highest 97% dose is selected from the 16 doses as in the case of HTO release. In addition to the above mentioned statistical analysis, ACUTRI can calculate the maximum concentrations and doses for primary and secondary plumes and their total doses, as well as the doses using specific meteorological data.
5. Calculation of individual dose An effective dose by inhalation at an evaluation point is calculated using HT and/or HTO concentrations in the air at lm height, a breathing rate and age-dependent dose coefficients of HT and HTO given in ICRP Publication 72. 2) The HTO inhalation dose is multiplied by 1. 5 to take into account the dose due to absorption of HTO from the skin.
III RESULTS OF ANALYSIS
It is expected that the chemical form of tritium released from facilities, the deposition velocities, the reemission rates and the element size have an effect on the doses. Thus the effect of these parameters on estimated doses were examined. heights, the total doses are a few times as high as the primary plume doses. As shown in Fig. 5 , while the primary plume doses for both HT and HTO releases rapidly decrease with decreasing the distance less than several hundreds meter, the total doses have no large variation with distance. This is due to the effect of secondary HTO plume. In Fig. 4 , the maximum total doses appear at 3, 600m from the release point, which is about 5 times as distant as a point for the maximum primary plume doses at 720m. The similar tendency is observed in Fig. 5 . These are also caused by the addition of secondary HTO doses to primary plume doses. These results
show that it is important to evaluate the dose due to the secondary plume of HTO because the current model of NSC guideline is most likely to underestimate doses to the general public for an accidental tritium release, in particular for an HT release.
Effect of dry and wet deposition
The dry deposition using the calculation condition shown in Table 1 . The release height is assumed to be 100 m. The HT and HTO deposition velocities are assumed to range from 1 X 10-5 to 1 X 10-3 m/s Therefore, doses exceeding 97% in the annual accumulative frequency distribution are mainly affected by wet deposition.
Consequently, the 97% doses at big distances from the release point would be little influenced by wet deposition.
Effect of reemission rate
The effect of time-variation of reemission on the 97% total dose has been examined. The following two time-variations were chosen: one was the variable rate shown in Table  1 , which reflected a realistic variation of reemission, and the other was a simple, constant rate. Table 2 shows calculated results at l, 000 m from the release point. The release heights of HT and HTO are assumed to be 0 and 100m. In Cases 3-1, 3-3, 4-1 and 4-3, the factors of decrease in reemission rate, p, Tr, in Equation (5) are set to 0. 34, 0. 074 and 0. 008875 for the first one-hour, l -8 hours and 8 -24 hours, respectively. In Cases 3-2, 3-4, 4-2 and 4-4, this factor is kept at a constant of 0. 04167 for a 24-hour reemission period. These variations have an impact on the total doses by a factor of maximum two. However, there is no correlation between the dose and reemission variation. It is desirable to use a realistic reemission pattern for the precise evaluation of doses, though the time-variation of reemission is not a critical factor in order to decide the total dose.
Effect of segmentation of terrestrial element
The contribution of HTO reemitted from terrestrial elements to doses may depend on the size of elements. Although dividing the terrestrial area into small elements would enhance the precision of calculation, it will pose a long calculation time. To ascertain that the sizes of elements used in the above calculations are sufficiently small, the effect of the element size on doses was studied. Figure 9 shows the relationship between numbers of subconcentric circles and total doses. The doses are calculated under a specific meteorological condition. The release of HT is supposed to start at 1: 00 p. m. June 7, 1988 , at 100 m height. The doses at 1, 000 m are calculated using the input data in The secondary plume doses are predominant in the total doses because the primary plume dose, which is 9. 3 X 10 -' mSv in all cases, is two orders of magnitude lower than the secondary plume doses. The numbers in the parentheses in Fig. 9 represent the number of sub-concentric circles in a main circle. Fig. 10 , along with doses calculated from the adjusted experimental concentrations. The ACUTRI calculations exceed all the experimental values. The estimated doses well correspond to the experimental results at distances less than 100 m. On the other hand, the ACUTRI results are 3 or 4 times higher than the measured ones over 100 m. These differences may be explained as follows. It has been reported that the HT deposit to the soil around a certain area at 100 m distance was extremely smaller than expected, since the oxidation activity of the soil was low in the area. 12> The present calculation does not reflect this low deposition. In addition, it may be inferred that part of HTO on the terrestrial surface was not reemitted to the atmosphere because some HTO moved to a deeper layer due to rainfall during the experiment. Considering the uncertainty of experimental results mentioned above, we concluded that the ACUTRI code can estimate the doses due to tritium releases with sufficient accuracy.
V CONCLUSIONS
A computer code named ACUTRI has been developed to assess doses for accidental HT and HTO releases from nuclear fusion facilities. The code has the following characteristics: 1) it can calculate an individual dose due to tritium using a tritium transfer model in the environment and a dose model, 2) the dose is conservatively assessed to prevent underestimation, and 3) it is possible to analyze data statistically on methodology based on the meteorological guideline of the Nuclear Safety Commission of Japan.
The effects of several parameters, such as a chemical form of tritium, a deposition velocity, a reemission rate and a terrestrial element size on the dose due to the inhalation of tritium were studied. The difference of chemical form of tritium released to the atmosphere has a great influence on a total dose which is the sum of a dose due to a primary plume (HT or HTO) and a dose due to secondary HTO plumes reemitted from the ground. Although the dose coefficient of HTO is 10, 000 times as high as that of HT, the ratios of total doses for HTO releases to those for HT releases range from 25 to 160 depending on the release height and downwind distance. The decreased dose ratios compared to the dose coefficient ratio are attributed to the reemission of HTO formed by the oxidation of HT in soil. The total doses depend on the dry deposition velocity in the case of HT release, because the contribution of the secondary plume dose to the total dose is extremely large. In the case of HTO release, even if the dry deposition velocity of HTO is changed by an order of magnitude, the velocity has small influence on the total doses, because these are largely dominated by primary plume doses. The wet deposition of HTO raises the maximum total doses several times. This also elevates the 97% doses near the release point. However, the 97% doses over 1, 000m are little affected by wet deposition of HTO.
To validate the ACUTRI code, the calculations were compared with the results of the Canadian field HT release experiment. There was a good agreement between these results for distances less than 100 m from the release point. The differences between ACUTRI results and experimental ones were observed over 100 m. These differences, however, may become smaller if ACUTRI takes into account a lower HT deposition velocity in a certain experimental area and transfer of HTO in soil to the deeper layer by rain. It was demonstrated from the comparison that the ACUTRI code will be able to evaluate doses to the general public due to the inhalation of tritium slightly conservatively but with sufficient accuracy. 
